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Introduction
Diffusion weighted imaging and diffusion tensor magnetic resonance imaging (DWI and DTI, respectively) which measure the Brownian motion of water molecules, have become one of the most important MR imaging modalities of the central nervous system (CNS). These methods can be used to study brain pathologies and microstructures [1] [2] [3] . In grey matter (GM), the bodies of neural cells and dendrites are not arranged in a directional manner and the macroscopic water diffusion is largely isotropic. In white matter (WM), however, the bundles of axons have a clear directional orientation [1] [2] [3] . In axons, the myelin, the microtubules and the neurofilaments are all structures that have the same directionality. Therefore, diffusion within axonal bundles is highly anisotropic [1] [2] [3] both on the macroscopic and microscopic levels.
First DWI was shown to be a very sensitive marker for cerebral ischemia [4, 5] and then it was shown by Moseley et al., that water diffusion in WM is anisotropic [6] . Subsequently DTI was introduced [7] and shown to be extremely useful for studying white matter associated brain diseases [1] [2] [3] 8] . DTI has also been applied to evaluate both normal and abnormal neuronal maturation in different species and in human subjects [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In the rat, for example, it is known that myelination starts after day 10 and peaks at about day 20 and decreases to some extent until day 45. After this stage myelination continues but at a low constant rate. Myelination leads to tissue compartmentalization, which may restrict the mobility of water molecules, therefore, should increase the FA value, measured by DTI [16] . The association between myelination and increase in FA in humans and in different animal models was reported in the literature [11, 14, 16, 19, 20] . However, other studies showed that this is not always the case as large FAs were observed in non myelinated nerves and in newborns before myelination occurs [21, 22] .
Despite the tremendous importance of DTI [1] [2] [3] it does suffer from some inherent limitations as it assumes that water diffusion in neuronal tissues is Gaussian. However it is well known that at high diffusion weighting and sufficient long diffusion times, the water signal decay does not obey the Stejskal Tanner equation [23, 24] . For such high b-value diffusion data we suggested to use the q-space approach [25, 26] to image diffusion in neuronal tissues [27] [28] [29] [30] . This technique which does not assume any model of diffusion and is generally acquired with high diffusion weighting is more sensitive to slower diffusing water molecules and should, in principle, be more suitable for detecting restricted diffusion. Therefore q-space diffusion MR imaging (QSI) may be more suitable for detecting white matter associated disorders and for providing microstructural information on axonal architecture [28, 31, 32] .
Indeed, in recent years we and others have used QSI to study different white matter associated disorders in both animals and human subjects [19, [28] [29] [30] [33] [34] [35] [36] . For example, Farrell et al. used QSI to study spinal cords of MS patients [33, 34] and we used QSI to study the brains of MS patients [28, 29] , the spinal cord of EAE swine [35] as well as rat spinal cord following trauma [36] . Recently, Biton et al. have demonstrated that QSI can distinguish between the spinal cords of myelin deficient (md) rat and their controls, in vitro [37, 38] . Despite the widespread use of DTI and the increase use of QSI very few studies have compared the methods in the same experimental model. Indeed, DTI was used to study different models of dysmyelination and demyelination [19, [37] [38] [39] [40] [41] [42] [43] . Recently, Bar-Shir et al. used QSI and DTI to study the brains of the md rat [44] , a model of dysmyelination, and Wu et al. very recently used the shaking canine (sh) pup, a large animal myelin mutant, to compare the sensitivity of high b-value q-space diffusion imaging and DTI in this experimental model of dysmyelination [19] . In the present study, we have used QSI and DTI to study in vitro the maturation in Long Evans shaker (les) rat brains and their age-matched controls at different stages of maturation. The les rat is a long-lived (up to 9 months old) autosomal recessive dysmyelinating mutant [45] characterized by a profound oligodendrocyte dysfunction as a result of a mutation in the myelin basic protein (MBP) gene [46] which results in rats having practically no myelin at old age [45, 46] .
Materials and methods

Sample preparation
This study was approved by the Animal Care Committee of the School of Veterinary Medicine of the University of Wisconsin-Madison. A total of 22 les and controls rats at the age of 20, 33 and 180 days were used in this study. The 20 and 180 day groups consisted each of three controls and les brains while the 33 day group consisted of five les and five control brains. Control and les rats were perfused with 0.1 mM PBS followed by paraformaldehyde (PFA) buffered in 0.1 mM PB (4% PFA). After perfusion, brains were excised and stored in 4% PFA. Twenty-four hours before the MR experiments, the excised brains were immersed in PBS solution in order to remove the paraformaldehyde. The brains were then placed in NMR tubes containing Fluorinert solutions (Sigma Chemical Co., St. Louis, MO, USA).
Diffusion MRI experiments
MRI experiments were performed using a 7 T/30 cm BioSpec System (Bruker, Germany) equipped with a BGU20 gradient system capable of producing x, y and z pulse gradients of 40 G cm −1 . Ten coronal continuous 1 mm slices were acquired with a protocol that included the acquisition of T2 weighted MR images (TR/TE = 3000/ 80 ms) and high b-value q-space diffusion MRI (QSI) data using a diffusion stimulated echo sequence. The following parameters were used when acquiring the QSI: TR/TE = 2500/20 ms, Δ = 100 ms, δ = 4 ms, an FOV of 1.92 × 1.92 cm, a matrix of 128 × 64 (zero filled to 128 × 128) and 4 averages. The diffusion gradients were incremented from 0 to 36 G/cm in 16 equal steps for all 6 directions, resulting in maximal b-and q-values of 14,924 s/mm 2 and 613 cm −1 , respectively.
Image processing
After the MRI protocol was completed the raw data were analyzed using an in-house Matlab® program tool.
QSI image analysis
The QSI raw data were analyzed using the QSI methodology described in Ref. [27] . After Fourier transformation of the signal decay with respect to q, three different QSI indices were extracted for each voxel, resulting in three QSI maps: the mean displacement map (in microns), the probability for zero displacement map (in arbitrary units (a.u.)), and the kurtosis map (a.u. in percent). The displacement values reported here are 0.425 times the FWHM of the displacement distribution profile [26] . For the displacement maps, the smallest mean displacement value out of the six diffusion directions was selected for each voxel in the map. For the probability maps, the highest probability for the zero displacement value out of the six diffusion directions was selected for each voxel in the map. The kurtosis maps were calculated according to [47] . For the kurtosis maps, the highest kurtosis value, which characterizes the deviation from Gaussian diffusion, i.e., maximum restriction, out of the six diffusion directions, was selected for each voxel in the map.
DTI image analysis
DTI indices, i.e., FA, λ 1 , λ 2 and λ 3 were calculated according to Ref. [48] from the QSI data by analyzing the signal decay for b values of about 1000 s/mm 2 . To make sure that QSI and DTI experimental parameters, besides the diffusion weighting, are exactly the same (TR,TE,Δ,δ, pulse sequence, crusher, RF pulses, acquisition time etc.,) the DTI indices were computed from the first points in each directions of the QSI data set. It should be noted, however, that the cost of such an experimental design is that the SNR of the DTI data set is smaller than that of the QSI data set.
ROI analysis
Three WM ROIs from three regions of the rat brain were selected in order to quantify the differences between the control and les groups. These ROIs represent the external capsule (ec), the corpus callosum (cc) and the internal capsule (ic). The examined ROIs were determined on the corresponding FA map of each brain and were then copied to the other diffusion maps. This procedure was performed on each examined sample and the average value of the examined index was extracted for each ROI.
Voxel-based analysis (VBA)
The Statistical Parametric Mapping (SPM2) program was also used to compare the les and the control groups for both the QSI and DTI results. First, a co-registration procedure with a displacement map of one representative control brain as template was applied for each diffusion (QSI or DTI) data set, i.e., displacement, probability, kurtosis, FA, λ 1 , λ 2 , and λ 3 maps. After the coregistration procedure was completed, we used the voxel base analysis (VBA) procedure to compare the les and control groups. Regions that expressed a statistical difference (P b 0.005) after a one-way-ANOVA test between the groups were highlighted on the displacement map template.
Statistical analysis
Statistical analysis was performed using the Student's t-test and p ≤ 0.05 was taken as statistically significant changes.
Immunohistochemistry
Following perfusion, brains were dissected and fixed overnight in 4% PFA followed by cryoprotection in sucrose. The brain tissue was cut into 20 μm free-floating, transverse sections and incubated overnight with a rabbit anti MBP antibody (1:1000, Millipore) or a rabbit anti proteolipid protein (PLP) antibody (1:30,000, generous gift from Dr. Ian Griffiths). Immunohistochemistry was performed according to a standard colorimetric protocol using diaminobenzidine (DAB) to visualize labeling. Whole brain images were taken using a Nikon digital camera (N150) mounted on a Veblon tripod (VGB-37) above a standard light box.
Results
Fig. 1 (A, B and C)
shows three slices of displacement, probability and kurtosis maps of a representative control brain in the three age groups obtained from QSI. This figure clearly shows that white matter (WM) areas show lower values of displacement and higher values of probability and kurtosis, in comparison with gray matter (GM) areas, as expected, implying that water diffusion is more restricted in WM areas than in GM areas. In addition, we observed that WM areas which are characterized by lower displacements and higher probability and kurtosis become larger and more emphasized as the brain matures. Fig. 2 shows the same data but for representative les brains. Here, WM areas also show lower displacement values and higher probability and kurtosis values as compared to GM areas, as seen in the control brains ( Fig. 1 ). In terms of the progression with age, contrary to what was observed for the control brains, in the les brains WM areas, characterized by low mean displacement, high probability and high kurtosis, seem very similar in all age groups and do not show the same increase in areas as in the control brains. This finding implies that water diffusion is not very different in the WM areas of the les brains in all age groups. To better demonstrate the differences in the diffusion characteristics of the two groups we performed a detailed analysis in three different WM regions of interest (ROIs, see Fig. 1D for the definition of the ROIs used in quantitative analysis). The results of these analyses of the QSI and DTI data are summarized graphically in Figs. 3 and 4 , respectively, for the internal capsule (ic) while the numerical values extracted for all three ROIs analyzed are presented in Tables 1 and 2 . Fig. 3 shows that all QSI indices in the internal capsule ROI are significantly different for the les group compare to their age-matched controls. This is even true for the immature 20 day old groups. We found that the mean displacements in the internal capsules are higher for the les groups as compared to their age-matched controls (Fig. 3A) while the probability for zero displacement and the kurtosis are smaller in the les group ( Fig. 3B and C) at all age groups. In addition, the different QSI indices are similar for the 20 and 33 day old control brains. However, a significant change is observed in all three indices for the 180 day old control brains. In the les group we found nearly no change in the three QSI indices in the internal capsule with aging from day 20 to day 33 as in the control groups. However we found a statistically significant difference between day 33 and day 180 les groups but only in the mean displacement. All these observations imply that the water diffusion in the internal capsule in the control brains is more restricted than that of the les group, suggesting that the myelin content in the internal capsules of the control brains is larger than that of the les group. These results also imply that water diffusion is more restricted in the older brains, in both control and les groups. Fig. 4A shows the average FA, extracted from DTI originating from the exact same acquisitions, of the controls and les brains in the internal capsule and in three age groups. It was found that the controls have larger FA values than the les, in all age groups. However the difference between the control and les groups was found to be statistically significant only for the 33 day group and even there the statistical significance was found to be relatively low. We also analyzed the eigenvalues, extracted from the DTI, and found that indeed all eigenvalues are higher in the les brains as compared to their age matched controls, but the differences were of no or low statistical significance.
We also analyzed ROIs in the corpus callosum (cc) and the external capsule (ec). Tables 1 and 2 summarize the QSI and DTI indices, for the control and les brains in the three age groups for the three WM ROIs. The comparisons of the numerical values presented in Tables 1 and 2 show that, under the experimental design of the present study, the differences in the QSI indices between the control and les brains are generally larger than those of the DTI indices. The differences of all QSI indices between les and controls are highly significant while the differences in the DTI indices are generally relatively small with low statistical significance. We found statistically significant differences in the QSI indices of the les and control brains even for the 20 day age groups. For the DTI analysis, it is clear that the FA is the less effective index while λ 3 is the best index to detect the les pathology. Fig. 5 shows a statistical comparison of the control and les groups using the SPM2 program for the 33 day old groups. Here, a one-way ANOVA test is performed on the two co-registered groups (control and les) and the statistically different voxels are highlighted. The analysis was done on all data sets extracted from either the QSI or DTI, i.e., displacement, probability, kurtosis, FA, λ 1 , λ 2 , and λ 3 maps. Fig. 5 shows representative group analysis performed on the probability, FA and λ 3 maps for the 33 day old groups only since we were not able to obtain more than 3 les brains of 180 day old rats due to extreme difficulties in keeping them alive up to this age. A group of 3 subjects is too small a group to allow one to perform such an SPM analysis reliably. The highlighted regions represent the ROIs which are significantly different between the two groups with p b 0.005. Significant differences were found in the probability maps and to some extent in λ 3 maps. Surprisingly, no significant differences were found for FA values. This implies that the FA index could not distinguish between control and les brains with high significance. Fig. 6 shows myelin basic protein (MBP) and proteolipid protein (PLP) immunostained brain slices of 180 day old control and les rats. Both MBP and PLP are structural proteins in the myelin sheath that can be used to illustrate the myelin content of tissue. The MBP stained les brain shows no staining in comparison to its control, as les rats lack the MBP gene. However, PLP is still expressed within the cytoplasm of les oligodendrocytes. Therefore, although the les brain lacks myelin, PLP immunolabeling appears similar between the control and les brains.
Discussion
In the present study QSI and DTI were used, for the first time, to study in vitro the les rat brains, and their age-matched controls in different stages of maturation. To be able to compare the sensitivity of QSI and DTI indices for this pathology of dysmyelination and at different stages of maturation the same acquisition was used to compute the QSI and DTI indices implying also that the SNR of the DTI is somewhat smaller than that of the QSI. Quantitative analysis of the QSI and DTI indices is reported in three ROIs (i.e., the corpus callosum (cc), internal capsule (ic), external capsule (ec)). In addition, SPM2 was used for voxel based analysis of the difference of both groups but only for the 33 day old group where the size of the group permitted such analysis to be performed. This enabled us to evaluate the ability of the QSI and DTI indices to detect the les pathology on the one hand, and to evaluate the ability of each methodology to follow both normal and abnormal maturation on the other hand. The QSI indices were capable of significantly distinguishing between the les and control groups, in all age groups and in all of the ROIs examined. Only in the cc ROI at the 20 day old age group were the differences between the QSI indices of the les and controls not statistically significant. The QSI displacement values were found to be lower while the probability for zero displacement and kurtosis values were found to be higher in the WM ROIs of the control brains in comparison with the les brains. These results are in line with previous QSI studies of dysmyelination and demyelination [19, [33] [34] [35] 37, 38] and indicate a higher level of restricted diffusion in the WM of the control brains compared with the les brains. The QSI indices showed significant differences between the 33 and 180 age groups in the control brains. There a significant decrease was found in the displacement values and a significant increase was found in both the probability for zero displacement and kurtosis values. However in the control group the differences between the QSI indices of the 20 and 33 day groups were not statistically significant. This implies that a higher level of restricted diffusion is present in the older control brains, compared to the young aged onesa manifestation of normal maturation. In the les brains, the differences were largely insignificant. Only in the internal capsules was the decrease in the displacement between the 33 and 180 age groups found to be statistically significant. This indicates a lower degree but still significant restricted diffusion in the older les brains. This demonstrates that some degree of restriction is still observable in the 180 les brains where histology shows very little myelin as depicted in Fig. 6 . These results are in line with previous studies that demonstrated that myelin does affect water restriction and hence diffusion anisotropy but it is not a prerequisite for the observation of such diffusion restriction and anisotropy [37, 41, 44] .
In the present study, the DTI indices could not distinguish between the control and les groups in most of the examined cases. FA values extracted from DTI were found to be smaller in the les group as compared to controls while the eigenvalues were, in general, higher in the les groups. However, none of the DTI indices could detect the les pathology at the 20 day old group and only for the 33 day groups, where the group size was larger, were the differences in the FA values statistically significant. Even there the statistical significance was relatively low. The eigenvalues were generally higher in the les groups as compared to their age-matched controls and there the statistical significance was somewhat higher for λ 2 , and λ 3 as compared to the FA. We observed that λ 3, which was found to be the most efficient DTI index for detecting the les pathology, was able to detect this pathology also in the 180 day groups. The differences between the groups are expected to be more accentuated with age, as the normal brains become more myelinated and mature. Indeed in line with this expectation, the FA values were larger in the controls of all age groups although a statistically significant difference was found only in the internal capsule and only for the 33 day age group. These results imply that under our experimental conditions FA values cannot distinguish between the groups even in the brains of the 180 day old rats. The FA values average the changes of the three eigenvalues λ 1 (λ N ), λ 2 , and λ 3 (λ ? ) . As all three eigenvalues are larger in the les brains compared to the control brains, the changes in FA values are suppressed. In the cases where all eigenvalues change in the same direction one should expect the FA values to have a lower prognostic power as found in the present study. The VBA maps calculated with SPM support the ROIs based results. Fig. 5 shows no significant differences between the groups when FA maps with a threshold of p b 0.005 were used. The DTI λ 3 map, however, shows small areas with significant differences and the QSI based map (i.e. probability) shows the biggest area of significant differences and seems to be the best measure for distinguishing between the les and control brains. These results seem to suggest that QSI indices are more sensitive to this WM pathology than DTI indices in line with the results of recent studies which compared QSI and DTI in other WM mutants [19, 38] . It should be noted that our experimental design implies that the SNR of the 5 . Results from the VBA procedure performed by the SPM2 on the les and control brains of the 33 day old group for three indices: probability values extracted from QSI measurements, FA and λ 3 , all extracted from DTI data. Highlighted regions represent regions with a significant difference (p b 0.005) between the control and les groups.
DTI data is lower than in the QSI data, however it seems to us that the higher efficiency to the QSI indices, found in the present study, originates primarily from the higher diffusion weighting of the QSI data which makes it more sensitive the restricted diffusion. It has been suggested that a decrease in axial diffusivity (λ N ) of the diffusion tensor reflects axonal degeneration while an increase in the radial diffusivity (λ ? ) is more associated to demyelination [19, 39, 43] . Here, in line with histology that shows massive dysmyelination with relatively little effect on axonal membrane, we found an increase in both the radial and axial diffusivity in line with other recent studies [19, 38] .
In the present study a relatively long diffusion time of 100 ms was used to allow the water molecules to explore larger distances and to enhance the effect of restricting barriers on the signal attenuation. Although QSI clearly demonstrated that a diffusion time of about 6-7 ms is sufficient to observe significant restriction in optic nerve for example [49] , we and others have recently shown that longer diffusion times result in higher apparent anisotropy [38] and provide better means to distinguish abnormal WM from normal WM [38, 43, 44] .
In conclusion, we showed that all QSI indices are very efficient in detecting the les pathology of dysmyelination and at all age groups. We found that the FA, extracted from DTI, is less efficient than the eigenvalues in detecting the les pathology. Since the DTI and QSI indices were collected from the same acquisition with exactly the same experimental conditions one can argue that it is probably the diffusion weighting in addition to the somewhat higher SNR which is responsible for the higher diagnostic power of the QSI indices. Indeed, QSI based indices obtained at high b or q-values have high diagnostic power in this model of dysmyelination.
